Centrosome cohesion and segregation are accurately regulated to prevent an aberrant separation of duplicated centrosomes and ensure the correct formation of bipolar spindles by a tight coupling with cell cycle machinery. CPAP is a centrosome protein with five coiled-coil domains and that plays an important role in the control of brain size in autosomal recessive primary microcephaly. Previous studies showed that CPAP interacts with tubulin and controls centriole length. Here we reported that CPAP forms a homodimer during interphase and the fifth coiled-coil domain of CPAP is required for its dimerization. Moreover, this self-interaction is required for maintaining centrosome cohesion and preventing the centrosome from splitting before G2/M phase. Our biochemical studies show that CPAP forms homo-dimers in vivo. In addition, both monomeric and dimeric CPAP are required for accurate cell division, suggesting that the temporal dynamics of CPAP homodimerization is tightly regulated during the cell cycle. Significantly, our results provide evidence that CPAP is phosphorylated during mitosis and this phosphorylation releases its inter-molecular interaction. Taken together, these results suggest that cell cycle regulated phosphorylation orchestrates the dynamics of CPAP molecular interaction and centrosome splitting to ensure genomic stability in cell division.
Introduction
Mammalian centrosomes, the major microtubule-organizing centers (MTOCs), consist of a pair of centrioles normally localized at the periphery of the nucleus and surrounded by a number of proteins collectively referred to as pericentriolar material (PCM) (1) (2) (3) . The centrosomes coordinate most microtubule (MT)-related processes, including cell shape, polarity, adhesion and motility, cell division and cytokinesis, as well as intracellular transport (4) . The centrosome cycle is handled by a "once per cell cycle rule" and "one per centriole rule" to prevent an excess of centrosomes or centrioles (5) . The coordination of the centrosome cycle and cell cycle ensures an accurate distribution of genetic material. Daughter cells resulting from cell division possess one centrosome that includes two tightly associated centrioles. These centrioles are barrel-shaped microtubule assemblies but that are structurally different from each other, one with a set of appendages at the distal end (mother centriole) and one without appendages (daughter centriole) (3) . During late mitosis or early G1 phase, the close link between the two centrioles is lost, a process known as disengagement, and a loose link between the proximal ends of the two centrioles develops (6) . The centrosome cohesion is a prerequisite of centriole duplication and keeps the distance between the two centrioles less than 2 μm (4,7). Centrioles initiate duplication at the onset of S phase, elongate during G2 phase, and complete duplication to form the nascent centrosomes before the onset of mitosis. The G2 phase cell harbors two centrosomes, each of which include two tightly associated centrioles. This tight association can prevent the reduplication of centrioles termed engagement. In late G2 phase, the PCM undergoes a phosphorylation-dependent maturation event and recruits several proteins including γ-tubulin. Then, the daughter centriole from the previous cell cycle acquires appendages and fully matures. Simultaneously, centrosome cohesion dissipates and two centrosomes separate into two functional units to form the bipolar spindle. Perturbation of the spatiotemporal dynamics of centrosome splitting can lead to genomic instability during cell division (5) . Malfunctions in centrosome cohesion and separation, in fact, have been seen in many solid tumors (7) . How the cohesion and separation of the centrosome are regulated throughout the cell cycle is not yet well understood (8) . However, several proteins such as C-Nap1, Rootletin, RanBP1, Dynamin2, Cep68 and Cep215 have been reported to be involved with centrosome cohesion (8) (9) (10) (11) (12) .
CPAP (centrosomal P4.1 associated protein), also named CENP-J, is a centrosome protein which contains five short coiled-coil segments and a glycine repeated segment termed the G-box. The fifth coiled-coil segment (CC5) and the G-box have 76.6% homology with human TCP10 which plays a role in the transmission ratio distortion phenotype (13) . Residues 311-422 AA of CPAP (including coiled-coil 2) is a MT-destabilizing domain, and residues 423-607 AA of CPAP (including coiled-coil 3) is a MT-binding domain. Mutations that disrupt the α-helical structure or the charge property significantly affect the MT-destabilizing ability of CPAP (14, 15) . CPAP is a member of the γ-tubulin complex localized within the center of microtubule asters (16) . Knock-down of CPAP by CPAP antibody significantly inhibits the formation of microtubule asters (16) . Depletion of CPAP by RNAi destroys centrosome integrity and induces multipolar spindles (17) . Furthermore, depletion of CPAP can block the over-duplication of centrioles induced by over-expression of PLK4 (18) . Overexpression of CPAP causes an elongation of parental and nascent centrioles (19) (20) (21) . Mutation of CPAP induces a neuro-developmental disorder named MCPH (autosomal recessive primary microcephaly) that causes a great reduction in brain growth in human (22-26).
The homology proteins of CPAP in C. elegans and Drosophila are SAS4 and DSAS4, respectively. SAS4 and DSAS4 are essential for centrosome duplication and for centrosome size (27) (28) (29) (30) . Previous studies have illustrated that CPAP in like fashion to SAS4 plays a critical role in centriole biogenesis and centrosome size (19) (20) (21) . In this study, we found that both partial depletion of CPAP by CPAP siRNA and overexpression of the C-terminal of CPAP induced an increase in centrosome splitting, indicating that CPAP functions on centrosome cohesion. Moreover, the CC5 domain of CPAP was identified as being essential for the formation of polymers between CPAP by means of co-immunoprecipitation and pull-down experiments. Furthermore, homo-dimers of CPAP mediated by the CC5 domain are important for the maintenance of centrosome cohesion. Importantly, CPAP is a mitotic phosphorylation protein, and phosphorylation blocks the self-interaction of CPAP. Collectively, these results demonstrate that negative regulation of CPAP self-interaction by mitotic phosphorylation is required for accurate centrosome cohesion and splitting during the cell cycle. streptomycin (Invitrogen) at 37 °C with 10% CO 2 . Cells were synchronized at G1/S with 5 mM thymidine for 16 hours and then washed with phosphate-buffered saline (PBS) three times and then transfected with various GFP-CPAP constructs. Thirty hours after transfection, HeLa cells were fixed with cold methanol at -20 °C followed by examination under the fluorescence microscope.
Recombinant Protein Expression
The CC5 domain of Human CPAP was expressed in bacteria as a glutathione S-transferase (GST) fusion protein and purified by using glutathione-agarose as previously reported (31) . Briefly, 500 ml of Luria Bertani medium was inoculated with bacteria BL21 (DE3) pLysS transformed with GST-CPAP-CC5. The protein expression was induced with 0.5 mM isopropyl-1-thio-β-D-galactopyranoside at 30 °C for 6 hours. Bacteria were then collected by centrifugation and resuspended in PBS containing a protease inhibitor mixture (Sigma) followed by sonication. The lysis solution was clarified by centrifugation for 20 minutes at 10,000 x g.
The soluble fraction was then applied to a column packed with nickel-agarose beads, followed by extensive washes with PBS. His-tagged proteins were then eluted with 200 mM imidazole and dialyzed against appropriate buffers for experimentation.
Pull-down Assay
GST pull-down was carried out as described previously (32) . The GST-CPAP-CC5 fusion protein-bound sepharose beads were incubated with purified proteins for 4 hours at 4 °C. After the incubation, the beads were extensively washed with PBS and boiled in SDS-PAGE sample buffer, followed by fractionation of bound proteins on a 10% SDS-PAGE gel. Proteins were then transferred onto a nitrocellulose membrane for Western blotting using an appropriate antibody.
Transient
Transfection and Immunoprecipitation 293T cells were grown to about 50% confluency in Dulbecco's modified Eagle's medium and co-transfected with FLAG-CPAP and GFP tagged CPAP full-length or deletion mutants using Lipofectamine 2000 (Invitrogen). Cells were collected 24-36 hours after transfection, and proteins were solubilized in lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 2 mM EGTA, 0.1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 10 µg/ml leupeptin, and 10 µg/ml pepstatin A). Lysates were clarified by centrifugation at 16,000×g for 10 minutes at 4 °C and incubated with anti-FLAG M2-linked agarose beads (Sigma). Beads were washed five times with lysis buffer and then boiled in protein sample buffer for 2 minutes. After SDS-PAGE, proteins were transferred onto a nitrocellulose membrane. 
Immunofluorescence and time-lapse microscopy
For immunofluorescence microscopic analyses, HeLa cells were seeded onto sterile, acid-treated 12-mm coverslips in 24-well plates (Corning Glass Works, Corning, NY). Double thymidine-blocked and released HeLa cells were transfected with 1 μl of Lipofectamine 2000 pre-mixed with 1 μg of the various plasmids. In general, 30-48 hours after transfection, HeLa cells were rinsed for 1 min with PBS buffer and fixed for 10 minutes with methanol prechilled at -20 °C followed by rehydration in PBS. Cells on the coverslips were blocked with 0.05% Tween-20 in PBS (TPBS) with 1% bovine serum albumin (Sigma) for 30 minutes. These cells were incubated with various primary antibodies in a humidified chamber for 1 hour and then washed three times in TPBS. Primary antibodies were visualized using FITC-conjugated goat anti-mouse IgG or rhodamine-conjugated goat anti-rabbit IgG.
CPAP antibody was raised in a rabbit using a recombinant peptide corresponding to the region of 1318-1331 amino acids of CPAP. DNA was stained with 4', 6-diamidino-2-phenylindole (DAPI, Sigma). Slides were examined with a Zeiss LSM510 confocal scanning fluorescence microscope, and images were collected and analyzed with Image-5 (Carl Zeiss, Germany). For time-lapse microscopy, cells were cultured on coverslips in CO 2 independent medium in a sealed chamber heated to 37 °C and observed under a DeltaVision deconvolution microscope (Applied Prescision). Images were acquired at 5 or 10 min intervals and presented in Photoshop.
Molecular mass determination
To examine if endogenous CPAP forms dimer in vivo, size exclusion chromatography was carried out using a Pharmacia FPLC with a Superose 6 10/300 GL column (GE Bioscience, USA) previously equilibrated with 50 mM PIPES-K (pH 6.9), 1 mM EGTA, 5 mM MgCl 2 and 50 mM NaCl. Elution was performed at a flow rate of 0.5 mL·min −1 . The column was calibrated with bovine thyroglobulin (669 kDa; Stokes radius R s =85 Å), Ferritin (440 kDa; Stokes radius R s =61 Å), Aldolase (158 kDa; Stokes radius R s =48 Å), and chicken ovalbumin (44 kDa; Stokes radius R s =30.5 Å) were used as standard proteins according to user's manual. Equal amounts of chromatographic fractions were separated by SDS-PAGE followed by immunoblot analysis of CPAP.
To test if CPAP-FKBP dimerization can be induced in response to addition of AP20187, synchronized HeLa cells transiently transfected with FLAG-CPAP-FKBP were treated with AP20187 36 hours after the transfection. Treated HeLa cells were washed twice with buffer containing 5 mM MgCl 2 , 50 mM NaCl, 0.1 M sucrose, and 50 mM PIPES-K (pH 6.9) and then solubilized in the same buffer containing 0.2% Triton X-100 for 10 min on ice. After centrifugation at 17,000 × g for 10 min at 4 °C, the cleared supernatant (1 ml) was loaded on the top of a 15-ml linear sucrose gradient (5-30%) prepared with buffer containing 50 mM PIPES-K (pH 6.9), 1 mM EGTA, 5 mM MgCl 2 and 50 mM NaCl. FLAP-CPAP protein complexes were separated by ultracentrifuge for 24 h at 141,000 × g at 4°C in an SW28 rotor (Beckman). The gradients were then fractionated from top to bottom into 21 fractions by a density gradient fraction collector, and equal amounts of fractions were used for further immunoblot analysis of anti-FLAG antibody M2 (Sigma).
Results

CPAP participates in centrosome cohesion
In an attempt to identify novel mitotic spindle proteins essential for chromosome plasticity in cell division, we carried out proteomic analyses of spindle proteins isolated from mitotic HeLa cells. CPAP is recovered in our proteomic analyses as an important protein essential for spindle formation. Recent studies showed that CPAP plays a critical role in regulating centriole duplication and length based on the knock-down and overexpression of CPAP (18) (19) (20) (21) . To further survey the functional domain of CPAP on the centrosome, the full-length CPAP cDNA was deleted at the N-terminal, the middle segment and the C-terminal (Fig. 1A) , and inserted into GFP vector to generate GFP-CPAP-N, GFP-CPAP-M and GFP-CPAP-C plasmids respectively. These plasmids were then transfected into synchronized HeLa cells and resulting phenotypes were examined for CPAP-and γ-tubulin dual labeling with an immunofluorescence microscope of (Fig.  1B) . Expression of CPAP deletion mutants exhibited a typical centrosomal location that was superimposed onto that of γ-tubulin ( Fig. 1B ; a, b and c; green channels). Surprisingly, the expression of GFP-CPAP-C often displayed as fully separated double dots ( Fig. 1B; c; arrows). To validate if both dots are centrosome-associated structures, we examined its relationship to the centrosome marker, γ-tubulin. Interestingly, γ-tubulin labeling also appeared as separated double dots that co-distribute with GFP-CPAP-C ( Fig. 1B, c ; yellow arrows in merged image), indicating that GFP-CPAP-C labels two fully separated centrosomes.
The separation of centrosomes is a prerequisite for bipolar mitotic spindle assembly in mammalian cells. There are two stages in centrosome separation: the splitting stage, when centrosomes start to move apart and the elongation stage. The separation of the centrosomes greater than 2 μm in cells of G2 phase was defined as centrosome splitting (18) . Careful examination revealed that the centrosomes expressing GFP-CPAP-C were separated about 2.63 μm (judged by γ-tubulin labeling; yellow arrows in Fig. 1B, c) , suggesting that overexpression of CPAP-C promotes centrosome splitting. To validate this notion, we surveyed about 100 cells positively transfected cells from 3 preparations. The percentage of centrosome splitting in GFP-CPAP-C-expressing cells was almost twice that of control GFP-expressing cells (Fig. 1D) . Expression of GFP-CPAP-N-or GFP-CPAP-M did not promote centrosome splitting. These results indicate that the overexpression of C-terminal of CPAP perturbs centrosome cohesion and promotes centrosome splitting during interphase.
To further investigate the function of CPAP during centrosome cohesion, we generated a rabbit polyclonal antiserum against CPAP and affinity purified it. Specific reactivity to endogenous CPAP was confirmed by Western blotting analysis using cell lysates from HeLa cells and cells expression GFP-CPAP. As shown in Fig. S1A , the anti-CPAP antibody specifically recognizes both endogenous and exogenous CPAP in HeLa cells ( Supplementary Fig. S1A ). This specificity was validated by using cell lysates from other cell lines such as MDCK, U2OS and 293T (data not shown). We then examined the efficiency of siRNA-mediated CPAP knock-down. Toward this end, cell lysates from HeLa cells transfected with CPAP siRNA and scramble control were fractionated by SDS-PAGE followed by transferring onto nitrocellulose membranes for anti-CPAP Western blotting. Immunoblotting showed that about 70% of CPAP proteins are depleted 72 hours after transfected with siRNA, whereas expression of β-tubulin is not altered in these cells (Supplementary Fig. S1B ). We also examined the localization of endogenous CPAP and exogenous CPAP by immunofluorescence. The anti-CPAP antibody recognizes the centrosomes localization in HeLa cells throughout cell cycle (Supplementary Fig. S2A ). The localization of GFP-CPAP-WT was similar to that of endogenous CPAP (Supplementary Fig. S2B ).
If CPAP takes part in the centrosome cohesion, suppression of CPAP by siRNA should cause centrosome splitting. As we predicted, knock-down of CPAP by siRNA induced the centrosome splitting in interphase cells (Fig.1C) . As shown in Fig. 1D , in positive transfected interphase cells, the percentage of cells exhibiting centrosome splitting phenotype in CPAP-suppressed cells was about 30%, which is twice the control level (Fig. 1D) , suggesting that CPAP plays an important role in centrosome cohesion.
Therefore, we conclude that CPAP participates in centrosome cohesion during interphase and perturbation of CPAP integrity by overexpression of C-terminal of CPAP induces centrosome splitting.
Self-interaction of CPAP is mediated by its fifth coiled-coil domain
The aforementioned results show that CPAP is required for centrosome cohesion and the overexpression of the C terminal domain of CPAP induces centrosome splitting. We reasoned that the C terminal domain of CPAP may play a dominant-negative role in this process by preventing the interaction of the full-length CPAP with itself or other accessory proteins. However, there is no available evidence that other proteins interact with CPAP and participate in the regulation of centrosome cohesion. Given that centrosome proteins are often self-associated, we sought to test if the C-terminal domain binds to endogenous CPAP and therefore blocks the self-interaction of CPAP. This might in turn perturb centrosome cohesion by preventing full-length CPAP intermolecular interaction in vivo.
To verify whether CPAP is self-associated, we carried out a co-immunoprecipitation assay using lysates from 293T cells transiently transfected with FLAG-tagged CPAP and GFP-tagged CPAP. As shown in Fig. 2A , Western blotting using anti-FLAG antibody confirmed a successful precipitation of FLAG-CPAP and GFP antibody blotting demonstrated that GFP-CPAP was co-precipitated with FLAG-CPAP ( Fig. 2A , lane 5), while control GFP was not precipitated with FLAG-CPAP (Fig. 2A, lane 2) . This indicates that a self-interaction exists between CPAP molecules in vivo. Subsequently, in order to map the domain that is necessary for the self-interaction, we generated a series of deletion mutants as illustrated in Fig.1A and used anti-FLAG antibody to immunoprecipitate FLAG-CPAP and GFP-tagged CPAP-N, CPAP-M and CPAP-C from lysates of 293T cells transiently co-transfected to express FLAG-CPAP and those GFP-tagged CPAP deletion mutants, respectively. Immunoblotting with anti-FLAG antibody confirmed a successful precipitation of FLAG-CPAP, and immunoblotting against GFP confirmed that GFP-CPAP-C was co-precipitated (Fig. 2B, lane 8) .
The C-terminal of CPAP consists of two coiled-coil domains (CC4 and CC5) and a G-box domain. Given that coiled-coil domains often mediates protein-protein interactions, GFP-tagged CC4, CC5 as well as G-box truncated colons were constructed to pinpoint the precise region required for self-interaction of CPAP (Fig. 2C) . The co-immunoprecipitation assay demonstrated that it is not the CC4 or G-box domain but rather the CC5 domain of CPAP-C fragment that participates in the CPAP self-interaction (Fig. 2D,  lane 6) . Indeed, a self-interaction between CC5 domains was confirmed in vivo via a co-immunoprecipitation assay (Fig. 2E, lane 4) and in vitro by pull-down assay (Fig. 2F, lane 5) . Based on the in vitro and in vivo analyses, we conclude that CPAP forms intermolecular associations via the CC5 domain.
The CC5 domain of CPAP is required for centrosome cohesion
Given the fact that the CC5 domain of CPAP is important for the self-interaction of CPAP and that CPAP participates in the centrosome cohesion, we sought to examine whether the self-interaction of CPAP mediated by the CC5 domain is required for the centrosome cohesion. Toward this aim, we constructed GFP-tagged CPAP that lacks the CC5 domain (GFP-ΔCC5) and transfected it into HeLa cells to examine the effect of overexpression of GFP-ΔCC5 on the centrosome splitting under a fluorescence microscope. Interestingly, overexpression of GFP-ΔCC5 exhibited a centrosome splitting phenotype (Fig. 3A) . Quantitative analysis revealed that the percentage of centrosome splitting was increased by 60% in cells expressing GFP-ΔCC5. Given the fact that other coiled-coil domains play minor or major roles in intermolecular association of CPAP, we reasoned that GFP-ΔCC5 mutant interacts with full-length CPAP. Consistent with this notion, our immunoprecipitation experiment confirmed that GFP-ΔCC5 associates with FLAG-CPAP in vivo ( Supplementary Fig. S5 ). If CC5 is a major contributor to CPAP intermolecular association and GFP-ΔCC5 induces centrosome splitting due to its association with full-length CPAP, induced dimerization of CPAP-ΔCC5 should override its effect on centrosome splitting. To test this hypothesis, we fused To further examine the functional relevance of CPAP dimerization without CC5, HeLa cells were then transfected with plasmid GFP-ΔCC5-FKBP and treated with AP20187. Simultaneously, cells were arrested in G1/S phase by double thymidine blocking. Cells released from G1/S phase for 0 hr and 8 hr were observed by deconvolution microscopy and the percentage of centrosome splitting is shown in Fig. 3C and 3D . The percentage of cells exhibiting centrosome splitting induced by ΔCC5-FKBP was about 23% at G1/S phase and 25% at G2 phase. However, the percentage dropped to 11% at G1/S phase and 14% at G2 phase, respectively, after treating with AP20187. Thus, we conclude that the integrity of CPAP is essential for centrosome cohesion.
CPAP forms homo-dimers in vivo
To validate if endogenous CPAP forms dimeric complexes, we generated cell lysates from synchronized HeLa cells using PIPES buffer containing 5 mM MgCl 2 , 50 mM NaCl, and 50 mM PIPES-K, pH 6.9). After centrifugation at 17,000 × g for 10 min (4 °C), the clarified cell lysates were applied to a gel filtration column calibrated with a standard kit. Using immunoblotting analysis of CPAP, the signal was detected in the high molecular mass-containing fractions, which corresponded to the dimeric form of CPAP (≈320 kDa; calculated molecular mass of CPAP is 153 kDa), indicating that CPAP exists as dimers in vivo (Fig. 3E) . Using gel filtration chromatography, we have also determined the molecular mass of CC5. Our analysis demonstrated a molecular mass of 45.4 kDa for CC5 (calculated mass is 20.3 kDa). Thus, our results show that CPAP forms homo-dimers in vitro and that this dimerization is mainly mediated by CC5. We also reason that CC5 domain-mediated self-interaction of CPAP molecules is required for the centrosome cohesion.
Both monomeric and dimeric CPAP are required for normal mitosis
After demonstrating the importance of the CC5 domain in centrosome cohesion in interphase cells, we began to analyze the function of the CC5 domain on mitosis. To this end, we transiently transfected HeLa cells with the GFP-ΔCC5 plasmid and observed the phenotype by immunofluorecence and time-lapse imaging. As shown in Fig. 4A , the absence of the CC5 domain of CPAP results in errors in chromosome alignment at the equator and hinders the process of mitosis. The majority of chromosomes that were not aligned at the equator were located around the centrosomes. The time of prophase and prometaphase was greatly extended for more than 4 hours in cells positively transfected with GFP-ΔCC5 while it was only 30 minutes in control cells. These observations suggest that the monomer state of CPAP promotes centrosome splitting impairs normal mitosis.
To test whether the polymer forms of CPAP also have effects on mitosis, we transiently transfected HeLa cells to express GFP-ΔCC5-FKBP and treated them with AP20187. Treatment also resulted in errors of chromosome alignment at the equator and delayed the process of mitosis (Fig. 4B) , suggesting that the self-interaction of CPAP stops the normal process of mitosis. Time-lapse images show that it takes 35 minutes for cells expressing GFP-ΔCC5 to form a bipolar spindle. In contrast, it takes 45 minutes for control cells and more than 4 hours for cells expressed GFP-ΔCC5-FKBP and treated with AP20187 to form a bipolar spindle ( Fig. 4C ; Supplementary Information, Movie 1 and 2). Cells expressing GFP-ΔCC5 required more than 3 hours to align their chromosomes at the equator (Fig. 4C , b and b'; Supplementary Information, Movie 3). Statistical analysis of the time of each phase is shown in Fig. 4D .
Thus, we conclude that both the absence of the CC5 domain of CPAP during interphase and the dimerization of CPAP in mitosis influence the chromosome alignment in mitosis and prolong the process of mitosis. These findings suggest that both monomeric and dimeric CPAP are required for normal mitosis and the status of monomerization and dimerization of CPAP may be regulated in cell cycle.
Mitotic phosphorylation negatively regulates the self-interaction of CPAP
To investigate the possible modificational change of CPAP from interphase to mitosis, we treated 293T cells subcultured in 24-well plates with or without the microtubule depolymerizing drug, nocodazole, followed by an immunoblotting assay with CPAP anti-serum. Interestingly, CPAP was detected as a doublet in asynchronized cells and prometaphase cells that had been synchronized by treating with nocodazole. However, the slower migrating CPAP form was predominant in prometaphase cells compared to asynchronized cells (Fig. 5A, lane 1 and 2) . To test whether the migration change was induced by phosphorylation, 293T cells were treated with nocodazole and lambda phosphatase (λ-PPase). As shown in Fig. 5A , lane 3, Western blotting with CPAP antibody revealed that CPAP shifted to the faster migrating form. These findings indicate that the mitosis-specific form is phosphorylated and CPAP is regulated by phosphorylation during the cell cycle.
A common function of phosphorylation is to regulate protein-protein interactions. Thus, we reasoned that the self-interaction of CPAP might be regulated by phosphorylation. To confirm our speculation, we performed a co-immunoprecipitation assay using lysates of 293T cells transiently transfected to express FLAG-tagged CPAP and GFP-tagged CPAP, following nocodazole or nocodazole plus λ-PPase treatment. As shown in Fig. 6B , Western blotting using anti-FLAG antibody confirmed a successful precipitation of FLAG-CPAP, and GFP antibody blotting demonstrated that GFP-CPAP was co-precipitated with FLAG-CPAP (Fig. 5B , lane 8-10), while control GFP was not precipitated with FLAG-tagged CPAP (Fig. 5B, lanes 6 and 7) . The level of GFP-CPAP co-precipitated with FLAG-CPAP decreased significantly in cells treated with nocodazole in lane 9 and recovered to almost two-thirds of the level of asynchronized cells in cells treated with nocodazole and λ-PPase in lane 10. Thus, we conclude that the self-interaction of CPAP was negatively regulated by mitotic phosphorylation.
Discussion
CPAP was first identified as a centrosomal resident protein associated with P4.1. It also associates with the γ-tubulin complex and inhibits microtubule nucleation from the centrosome (16) . Further research revealed that CPAP plays an important role in centrosome function including centrosome duplication, centriole assembly and control of centriole length (27) (28) (29) (30) . In this study, we demonstrated that CPAP plays a role in centrosome cohesion.
Here, we showed that suppresion of CPAP by siRNA induces a distinct centrosome splitting during interphase. This phenotype is also seen when the C-terminal CPAP is overexpressed, suggesting that CPAP integrity is essential for centrosome cohesion. Our experimental results also show that CPAP molecules exist as dimers and this dimerization is mainly mediated by the fifth coiled-coil domain. Importantly, this inter-molecular association is critical for the function of CPAP in centrosome cohesion. It was interesting to see that overexpression of GFP-ΔCC5 resulted in centrosome splitting phenotype (Fig. 3) and this phenotype is rescued upon GFP-ΔCC5 homo-dimerization induced by AP20187. We reason that CPAP dimerization is mainly achieved via the CC5 domain while CPAP-ΔCC5 mutant also forms a weaker intermolecular association with itself or endogenous CPAP. In this case, the CPAP-ΔCC5 mutant forms a hetero-dimer with endogenous CPAP to prevent formation of functional homo-dimer of wild type CPAP, and become a homo-dimer upon addition of AP20187 to allow endogenous CPAP to form functional homo-dimer. Importantly, this self-association of CPAP is negatively regulated by mitotic phosphorylation as the dimerization is abolished when CPAP is phosphorylated during mitosis; suggesting that mitotic phosphorylation regulates the conversion of CPAP from dimer to monomer and reconciles centrosome cohesion and separation during the cell cycle.
Centrosome cohesion is orchestrated by several proteins that can be categorized into two classes. One type of protein is able to bind the proximal ends of the centrioles and the other type is able to bind the walls of the centrioles in a tubulin-polyglutamylation-dependent manner. Glutamylated tubulin is a framework for anchoring the tubulin minus-ends (34). Previous studies have identified several proteins involved in centrosome cohesion including C-Nap1, Rootletin, pericentrin, Dynamin2, Cep68 and Cep215 (8) (9) (10) (11) (12) . Immunoelectron microscopy has shown that both Rootletin and Cep68 localize to striking fibers linked to centrioles (8, 10, 12) , while Cep215 is associated with the centriolar cylinders and C-Nap1 is confined to the proximal end domains of centrioles (9, 12) . We have known that CPAP interacts with tubulin and residues 423-607 within CPAP that constitutes the MT-binding domain (14, 15) . Moreover, immunoelectron microscopy using antibody against C-terminal of CPAP has revealed that CPAP is concentrated within the proximal lumen of both parental centrioles and procentrioles (18) . Thus, CPAP recruits the centriole MTs through the MT-binding domain within the middle segment, while its C-terminal may act as an inner linker anchoring itself in the lumen of centriolar cylinders by polymerization. Therefore, overexpression of CPAP leads to abnormally elongated centrioles (19) (20) (21) , while depletion of CPAP impairs centriole duplication (27) . It is reasonable to postulate that knock-down of CPAP will shorten the centriolar cylinder, resulting indirectly to centrosome splitting. Consistent with this view, we have shown that the cells expressing GFP-ΔCC5 show decreased accumulation of glutamylated tubulin on centrosomes ( Supplementary Fig. S3 ), suggesting that dimeric CPAP may maintain the centrosome cohesion through recruiting glutamylated tubulin.
There is another possibility that the N-terminal of CPAP may penetrate through the centriolar cylinder and crosslink with other centrosomal proteins as a part of linker. This rationale is consistent with a previous hypothesis that additional proteins could collaborate with C-Nap1 to form linker structures of centrosome cohesion (9) . However, to date no one has identified a centrosomal cohesion protein that interacts with CPAP. It will be of interest to identify the target protein(s) of CPAP that directly interact(s) with CPAP and function(s) on centrosome cohesion. Since a close spatial relationship of CPAP with Cep215 and C-Nap1 exists, it would be worthwhile to investigate whether CPAP binds to Cep215 and (or) C-Nap1 and cooperates in maintaining centrosome cohesion. Interestingly, functional perturbation of both CPAP and Cep215 are implicated in MCPH disease (23) .
Previous research has shown that CPAP is a part of the γ-tubulin complex and most of the total protein is soluble (16, 34) , suggesting that CPAP may be a component of PCM. In fact, a fraction of CPAP is found outside of the centriolar cylinder (18) . Recent work demonstrates that partial CPAP depletion results in asymmetric distribution of the PCM (20) . All these findings point to the fact that CPAP may participate directly in centrosome cohesion.
Structural and functional transitions during centrosome duplication, maturation and separation are orchestrated in synchrony with cell cycle by both kinase and phosphatase (3, 35) . To date, many mitotic kinases have been found to play at least some roles in centrosome cohesion and separation, including PKA, Nek2, Plk1, Aurora-A, Cdk2/cyclin A and E (4, 36) . Nek2, a member of the NIMA family, was identified as centrosome-associated kinase and found to be involved in centrosome separation (37, 38) . Further research showed that Nek2 interacts with and phosphorylates directly or indirectly C-Nap1, β-catenin and Rootletin to orchestrate centrosome cohesion and separation (8, 9, 39) . However, centrosome cohesion is regulated precisely by a balance of kinase and phosphatase activities, phosphorylation and proteolysis. As a physiological antagonist of Nek2, PP1α (Protein phosphatase 1 α-isoform) is associated with, and down-regulates Nek2 activity in vitro and in vivo (4, 40, 41) . Our data reveal that CPAP is phosphorylated during mitosis, which is critical to negatively regulate the inter-molecular association of CPAP. Interestingly, predictions based on bioinformatics suggest that there are many potential phosphorylation sites of Nek2, PLK1 and Aurora-A within CPAP (data not shown). It will be significant to identify the kinase responsible for the phosphorylation of CPAP and the site that is phosphorylated.
Future biochemical characterization and visualization of the spatiotemporal dynamics of CPAP inter-molecular association will further our understanding of the molecular mechanisms underlying centrosome cohesion regulation.
Taken together, we conclude that CPAP exerts its function in centrosome cohesion via an inter-molecular association of CC5 and this dimerization is released by mitotic phosphoylation. The mitotic phosphorylation of CPAP regulates centrosome cohesion and separation during the cell cycle. Our future work will focus on identifying the kinase that phosphorylates CPAP and that governs the interaction between CPAP molecules. HeLa cells transfected with GFP-tagged ΔCC5-FKBP were synchronized by double thymidine block and released 0 hr to G1/S phase (C) and 8 hr to G2 phase (D). The percentage of centrosome splitting was calculated before and after adding AP20187. E. Analysis of the native molecular sizes of endogenous CPAP by using FPLC gel filtration chromatography. Cell lysates from synchronized HeLa cells were clarified by centrifugation and clarified cell lysates were then applied for FPLC gel filtration chromatography. CPAP was eluted mainly in two fractions, the lower molecular fractions corresponding to the monomer ~160 kDa PRC1 and the higher molecular fractions corresponding to the dimeric ~ 320 kDa CPAP. F. HeLa cells expressing FLAG-CPAP were lysed in the PIPES buffer described in Materials and Methods, and cell lysates were subjected to sucrose gradient sedimentation (5% to ≈30%) by ultracentrifugation. The sediments were collected and subjected to immunoblotting analysis by using an anti-FLAG antibody. 
